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ABSTRACT
Supersymmetric QCD corrections to top quark pair production by γγ fusion are
calculated in the minimal supersymmetric standard model taking into account the
effects of stops in the corrections to the total cross-section of tt¯ production at the
future e+e− linear collider. We find that the relative correction can be a few percent
for reasonable values of the parameters.
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1. Introduction
Recently, the top quark was found experimentally by the CDF and D0 Collab-
orations at Fermilab[1]. The measured top-quark mass, 176 ± 10+13−12 GeV, is close
to the central value of that obtained from the best fit of the standard model (SM)
to the latest LEP data. This is a remarkable success of the SM. However, there are
a number of unsolved theoretical puzzles in the SM, and the latest LEP data on the
branching ratio Rb of Z → bb¯ deviates from the SM prediction by 3.7 standard
deviation[2]. These lead to more interest in considering possible new physics beyond
the SM. Processes with top quarks may be good for testing new physics since the top
quark is the heaviest particle yet found. Among various models of new physics so far
considered, supersymmetry (SUSY) is a promising one at present. The simplest and
interesting SUSY model is the minimal supersymmetric extension of the standard
model (MSSM) [3]. For solving the gauge hierarchy problem, SUSY should be bro-
ken at energies around 1 TeV, and thus SUSY particles in the MSSM may be within
the reach of future colliders. At the future e+e− linear collider with center-of-mass
energy 500 GeV to 1.5 TeV, the e+e− → tt¯ event rate would be around 104/yr,
comparable with the Tevatron, however, the events would be easier to extract. It is
possible to separately measure all of the various production and decay form factors
of the top quark at the level of a few percent [4]. Thus theoretical calculations of the
radiative corrections to the production and decay of the top quark is of importance.
SUSY corrections to tt¯ pair production in e+e− annihilation has been calculated in
Ref.[5]. At the e+e− linear collider, hard photons can be obtained by laser backscat-
tering. The intense γ beams are generated by backward Compton scattering of soft
photons from a laser of a few eV energy [6]. The luminosity distribution over the
1
γγ invariant mass is broad and contains an abundant number of very energric pho-
tons. The hard photon beam has approximately the same luminosity as the original
electron beam. Therefore photon collisions are also good processes for testing new
physics.
In this paper we investigate the SUSY QCD correction to the top quark pro-
duction by the process γγ → tt¯ in MSSM model. In Sec. II, we give our calculation
of the SUSY QCD corrections to the scattering cross-section. The numerical results
of the cross-section are given in Sec III. In recent years there have been renewed
interest in the possibility of very light gluinos, with mass mg˜ ≤ 5 GeV [7]. Our
conclusion is that, with such light gluinos, the corrections can be large enough to
be experimentally testable.
2. The Cross-Section
The total cross section of the production of tt¯ in γγ collisions at the e+e−
collider is obtained by folding the elementary cross-section for the processes γγ → tt¯
with the photon luminosity [8]
σs =
∫ xmax
2mt/
√
sˆ
dz
dLγγ
dz
σ(γγ → tt¯ at sˆ = z2s), (1)
where
√
s(
√
sˆ) is the e+e−(γγ) center-of-mass energy and the quantity dLγγ
dz
is the
photon luminosity defined as [8]
dLγγ
dz
= 2z
∫ xmax
z2
xmax
dx
x
Fγ/e(x)Fγ/e(z
2/x). (2)
For unpolarized initial electrons and laser,the energy spectrum of the back-scattered
photon is given by [8]
Fγ/e =
1
D(ξ)
[1− x+ 1
1− x −
4x
ξ(1− x) +
4x2
ξ2(1− x)2 ] (3)
2
D(ξ) = (1− 4
ξ
− 8
ξ2
)ln(1 + ξ) +
1
2
+
8
ξ
− 1
2(1 + ξ)2
, (4)
where ξ = 4E0ω0/m
2
e with me and E0 the incident electron mass and energy, re-
spectively, and ω0 the laser-photon energy, x is the fraction of energy of the incident
electron carried by the back-scattered photon. Following Ref.[8], we choose ξ and
xmax to be
ξ = 2(1 +
√
2) ≈ 4.8, xmax ≈ 0.83, D(ξ) ≈ 1.8. (5)
The Feynman diagrams contributing to the SUSY O(αsαe) corrections are shown in
Fig.1. In our calculation, we use dimensional regularization and take the on-shell
renormalization scheme.
In Fig.1 one has to include the contributions of both stops. As is well-known
[9], the supersymmetric partner of left- and right-handed massive quarks mix with
each other. The mass eigenstates q˜1 and q˜2 are related to the current eigenstates q˜L
and q˜R by
q˜1 = q˜Lcosθq + q˜Rsinθq, q˜2 = −q˜Lsinθq + q˜Rcosθq. (6)
The mixing angle θq as well as the masses mt˜1 , mt˜2 of the physical stops can be
calculated from the following mass matrices [10]
M2t =

 m
2
t˜L
+m2t + 0.35DZ −mt(At + µcotβ)
−mt(At + µcotβ) m2t˜R +m2t + 0.16DZ

 , (7)
where DZ = M
2
Zcos2β, tanβ is the ratio of the vacuum expectation values of the
two neutral Higgs fields of the MSSM, mt˜L , mt˜R are soft breaking masses, At are pa-
rameters describing the strength of nonsupersymmetric trilinear scalar interactions,
and µ is the supersymmetric Higgs(ino) mass which also appears in the trilinear
scalar vertices.
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In the presence of squark mixing, the squark-quark-gluino interaction La-
grangian is given by
Lg˜q˜q¯ = −i
√
2gsT
aq¯[(cosθq q˜1 − sinθq q˜2)1+γ52
−(sinθq q˜1 + cosθq q˜2)1−γ52 ]g˜a + h.c.,
(8)
where gs is the strong coupling constant and T
a are SU(3)C generators.
To the precision of the O(αsαe) SUSY corrections, the renormalized amplitude
for γγ → tt¯ is
Mren = M0 + δM
self + δMvertex + δM box + δMs, (9)
where M0 is the tree-level amplitude and δM represents SUSY QCD correctrions,
which are
M0 = ǫ
µ(p4)ǫ
ν(p3)u¯(p2), Tµνv(p1) (10)
with
Tµν =
−i4παe
t−m2t
γµ(/p3 − /p1 +mt)γν + −i4παe
u−m2t
γν(/p4 − /p1 +mt)γµ, (11)
and
δMself = δMself(t) + δMself(u) (12)
δMvertex = δMvertex(t) + δMvertex(u) (13)
δM box = δM box(t) + δM box(u), (14)
δMself(t) = ǫµ(p4)ǫ
ν(p3)u¯(p2)
Q2t
(t−m2t )2
γµ(/p2 − /p4 +mt)(−iΣˆ)
×(/p3 − /p1 +mt)γνv(p1),
(15)
δMvertex(t) = ǫµ(p4)ǫ
ν(p3)u¯(p2){ it−m2t [iΛˆ
(t1)
µ (/p3 − /p1 +mt)
×(−iQ2tγν) + (−iQ2t γµ)(/p2 − /p4 +mt)iΛˆ(t2)ν ]}v(p1),
(16)
4
δM box(t) = ǫµ(p4)ǫ
ν(p3)u¯(p2)Q
2
t{γνγµf box(t)1 + γµγνf box(t)2 + p1νγµf box(t)3
+p1µγνf
box(t)
4 + p2νγµf
box(t)
5 + p2µγνf
box(t)
6 + p1µp1νf
box(t)
7
+p1µp2νf
box(t)
8 + p2µp1νf
box(t)
9 + p2µp2νf
box(t)
10 + /p4γνγµf
box(t)
11
+/p4γµγνf
box(t)
12 + /p4p1νγµf
box(t)
13 + /p4p1µγνf
box(t)
14
+/p4p2νγµf
box(t)
15 + /p4p2µγνf
box(t)
16 + /p4p1µp1νf
box(t)
17
+/p4p1µp2νf
box(t)
18 + /p4p2µp1νf
box(t)
19 + /p4p2µp2νf
box(t)
20 }v(p1),
(17)
δMs = ǫµ(p4)ǫ
µ(p3)u¯(p2)Q
2
tSv(p1), (18)
with
− iΣˆ = fΣ(t)1 + /tfΣ(t)2 (19)
iΛˆ(t1)µ = γµf
Λ
(t1)
µ
1 + p2µf
Λ
(t1)
µ
2 + /p4p2µf
Λ
(t1)
µ
5 (20)
iΛˆ(t2)ν = γνf
Λ
(t2)
ν
1 + p1νf
Λ
(t2)
ν
2 + /p3p1νf
Λ
(t2)
ν
5 , (21)
where Qt = 2/3, S and the form-factors fi are given in the Appendix. Instead of
calculating the square of the amplitudes explicitly, we calculate the amplitudes nu-
merically by using the method of Ref. [11]. This greatly simplifies our calculations.
We only explicitly give the results for the t-channel contributions to the SUSY
corrections. The u-channel results can be obtained by the following substitutions
p3 ↔ p4, T a ↔ T b, tˆ↔ uˆ. (22)
3. Nemerical Results and Conclusion
Now we present the numerical results. We take mt = 176 GeV, and use the
two-loop running coupling constant αs and the input αe = 1/128. For the SUSY
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parameters involved in our calculations, we see that once tanβ and mt˜L are fixed, we
are, in general, free to choose two independent parameters in the stop mass matrix,
namely mt˜R and At + µcotβ, or equivlantly mt˜R and mt˜1 . To avoid the singularities
at small angles, we take the following kinematical cuts
|η| < 2.5, pT > 20 GeV. (23)
In this kinematical region the relative corrections are actually large. In the numerical
calculation, we have checked our program with the requirement of gauge invariance
to the accuracy 10−10.
In Figs.2-8 we give the numerical results in a simple case in which we set
tanβ = 1 and mt˜L = mt˜R = mq˜ (coresponding to the mixing angle equal to π/4).
We choose mt˜1 as the light stop mass and require it to be heavier than 45 GeV [10].
Fig.2 (Fig.3) show the dependence of the corrections on mt˜1 for fixed mg˜ =
3 GeV, mq˜ = 150 GeV (450 GeV) and
√
s = 0.5 TeV (1.5 TeV). We see that the
corrections can be either positive or negative depending on the light stop mass. The
corrections become their negative maxima atmt˜1 = 170 GeV. Fig.4 (Fig.5) show the
dependence of the corrections on
√
s for fixedmg˜ = 3 GeV,mq˜ = 450 GeV andmt˜1 =
50 GeV (150 GeV). The corrections are positive when mt˜1 = 50 GeV, and negative
when mt˜1 = 150 GeV. When
√
s varies from 0.5 TeV to 1.5 TeV, the corrections
vary from 2% (−3.6%) to 0.9% (−3.8%) in the case of mt˜1 = 50 GeV (150 GeV).
Fig.6 (Fig.7) shows the dependence of the corrections on mq˜ for fixed mg˜ = 3 GeV,
mt˜1 = 50 GeV (150 GeV) and
√
s = 0.5 TeV (1.5 TeV). The relative corrections
increase (decrease) as mq˜ varies from 50 GeV to 450 GeV in the case of mt˜1 =
50 GeV (150 GeV). The largest relative correction in Fig.7 can exceed −5%. Fig.8
6
shows the dependence of the corrections on mg˜ for fixed mt˜1 = 150 GeV, mq˜ =
450 GeV and
√
s = 0.5 TeV (1.5 TeV). If the glunios are light[7], e.g. mg˜ = 3 GeV,
the corrections can reach −4%. Whereas for heavy glunios as mg˜ ≥ 100 GeV, the
corrections are less than 1%.
We have also done the numerical calculations for tanβ = 10 and found that the
corrections are not sensitive to the value of tanβ. For example, with mg˜ = 3 GeV,
mt˜1 = 150 GeV, mq˜ = 450 GeV and
√
s = 0.5 TeV, we get ∆σ = −3.60 for tanβ = 1
and ∆σ = −3.58 for tanβ = 10.
We conclude that, in the case with stop mixing and light gluinos like mg˜
around a few GeV, the SUSY QCD corrections to the cross-section of top quark
pair production in γγ fusion at the e+e− collider can be as large as a few percent of
the tree-level cross-section. This is experimentally testable.
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Appendix
We give here the form factors for the matrix element. They are written in
terms of the usual one-, two-, three- and four -point scalar loop integrals of Ref.[12].
Fi = mg˜(a
2
i − b2i ), Gi = a2i + b2i (24)
a1 = −b2 = 1√
2
(cosθ − sinθ), a2 = b1 = 1√
2
(cosθ + sinθ) (25)
f
Σ(t)
1 = i
4αsαe
3
∑
i
[(FiB0 −mtZVi −DMi)] (26)
f
Σ(t)
2 = i
4αsαe
3
∑
i
[Gi(B0 +B1) + ZVi], (27)
where B0, B1(t,mt˜i , mg˜) are 2-point Feynman integrals [12].
f
Λˆ
(t1)
µ
1 = −i
4αsαe
3
∑
i
[2GiC24 + ZVi] (28)
f
Λˆ
(t1)
µ
2 = −i
4αsαe
3
∑
i
[2Gimt(C11 + C21)− 2Fi(C0 − C11)] (29)
f
Λˆ
(t1)
µ
5 = −i
4αsαe
3
∑
i
[2Gi(−C12 − C23)], (30)
where C0, Cij(−p2, p4, mg˜, mt˜i , mt˜i) are 3-point Feynman integrals [12].
f Λˆ
(t2)
ν
1 = −i
4αsαe
3
∑
i
[2GiC24 + ZVi] (31)
f Λˆ
(t2)
ν
2 = −i
4αsαe
3
∑
i
[2Gimt(−C11 − C21) + 2Fi(C0 + C11)] (32)
f Λˆ
(t2)
ν
5 = −i
4αsαe
3
∑
i
[−2Gi(C12 + C23)], (33)
where C0, Cij(p1,−p3, mg˜, mt˜i , mt˜i) are the 3-point Feynman integrals [12].
f
box(t)
1 = i
4αsαe
3
∑
i
[2FiD27 − 2GimtD311] (34)
f
box(t)
2 = i
4αsαe
3
∑
i
[2FiD27 − 2GimtD311] (35)
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f
box(t)
3 = i
4αsαe
3
∑
i
[4Gi(D27 +D312)] (36)
f
box(t)
4 = i
4αsαe
3
∑
i
[4GiD313] (37)
f
box(t)
5 = i
4αsαe
3
∑
i
[4Gi(−D311 +D312)] (38)
f
box(t)
6 = i
4αsαe
3
∑
i
[4Gi(−D27 −D311 +D313)] (39)
f
box(t)
7 = i
4αsαe
3
∑
i
[4Fi(D13 +D26)− 4Gimt(D25 +D310)] (40)
f
box(t)
8 = i
4αsαe
3
∑
i
[4Fi(−D25 +D26) + 4Gimt(D35 −D310)], (41)
f
box(t)
9 = i
4αsαe
3
∑
i
[4Fi(−D0 −D11 +D13 −D12 −D24 +D26) + 4Gi×
mt(D11 +D21 −D25 +D24 +D34 −D310)],
(42)
f
box(t)
10 = i
4αsαe
3
∑
i
[4Fi(D11 −D12 +D21 −D24 −D25 +D26) + 4Gi×
mt(−D21 +D24 −D31 +D34 +D35 −D310)],
(43)
f
box(t)
11 = i
4αsαe
3
∑
i
[2Gi(D312 −D313)] (44)
f
box(t)
12 = i
4αsαe
3
∑
i
[2Gi(D312 −D313)] (45)
f
box(t)
13 = 0 (46)
f
box(t)
14 = 0 (47)
f
box(t)
15 = 0 (48)
f
box(t)
16 = 0 (49)
f
box(t)
17 = i
4αsαe
3
∑
i
[4Gi(−D23 +D26 +D38 −D39)] (50)
f
box(t)
18 = i
4αsαe
3
∑
i
[4Gi(D37 +D38 −D39 −D310)], (51)
f
box(t)
19 = i
4αsαe
3
∑
i
[4Gi(D13 −D12 −D23 −D24 +D25
+2D26 −D22 −D36 +D38 −D39 +D310)],
(52)
9
f
box(t)
20 = i
4αsαe
3
∑
i
[4Gi(−D22 +D24 −D25 +D26 +D34
−D35 −D36 +D37 +D38 −D39)],
(53)
S = i
8
3
αsαe
∑
i
[GimtC11 − FiC0](−p2, p4 + p3, mg˜, mt˜i , mt˜i), (54)
where D0, Dij , Dijk(−p2, p4, p3, mg˜, mt˜i , mt˜i , mt˜i) are 4-point Feynman integrals[12].
The renormalization constants are
ZVi = −Gi[B0 +B1](p,mt˜i , mg˜)|p2=m2t − [2m2tGi ∂
2
∂p2
(B0 +B1)
−2mtFi ∂2∂p2B0](p,mt˜i , mg˜)|p2=m2t ,
(55)
DMi = [FiB0 +mtGi(B0 +B1)](p,mt˜i , mg˜)|p2=m2t . (56)
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Figure Captions
Fig.1 Tree-level Feynaman diagrams and O(αsαe) SUSY QCD corrections to γγ →
tt¯.
Fig.2 Relative SUSY QCD corrections to γγ fusion cross-section versus mt˜1 for
mg˜ = 3 GeV,mq˜ = 150 GeV.
Fig.3 Same as fig.2,but for mg˜ = 3 GeV,mq˜ = 450 GeV.
Fig.4 Same as Fig.2, but versus
√
s for mg˜ = 3 GeV,mt˜1 = 50 GeV,mq˜ = 450 GeV.
Fig.5 Same as Fig.2, but versus
√
s formg˜ = 3 GeV,mt˜1 = 150 GeV,mq˜ = 450 GeV.
Fig.6 Same as Fig.2, but versus mq˜ for mg˜ = 3 GeV,mt˜1 = 50 GeV.
Fig.7 Same as Fig.2, but versus mq˜ for mg˜ = 3 GeV,mt˜1 = 150 GeV.
Fig.8 Same as Fig.2, but versus mg˜ for mq˜ = 450 GeV,mt˜1 = 150 GeV.
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